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ABSTRACT

In Sec. II the results of a mathematical study of a proposed multi-

plexer design technique are presented. Using this technique a separate

channel unit is used for each channel that is to be separated out.

Each channel unit consists of a band-pass filter and a band-stop filter.

At the frequencies to be separated by a given channel unit, the band-

pass filter will pass the signal to be separated, while the band-stop

filter blocks any energy from escaping down the main transmission line.

At frequencies outside the band to be separated, the energy flows through

the channel unit without attenuation. It is shown that such units can

be designed to have a constant-resistance input impedance, hence, in

theory, any number of units can be cascaded without interaction effects.

Each channel unit has properties similar to those of a directional filter,

but such channel units should be much easier to design and tune than are

equivalent multi-resonator directional filters.

In Sec. III, techniques for the design of magnetically tunable band-

stop filters using ferrimagnetic garnet resonators (such as yttrium-iron-

garnet spheres) are presented. Design for prescribed response, starting

from a low-pass lumped-element prototype filter is outlined. The filter

structure consists of a strip line or waveguide with garnet spheres

mounted at intervals of approximately a quarter wavelength or three

quarters wavelength, at the center of the tuning range. Tuning is

achieved by varying a biasing magnetic field. Techniques for enhancing

the coupling to the garnet-sphere resonators are discussed, and the

results of experiments to verify the theory are presented. The band-stop

filter techniques are shown to also provide a very simple means for

measuring the ferrimagnetic resonance linewidth AN of garnet spheres.

In Sec. IV a study of the use of varactor diodes for tuning trans-

mission line resonators for a proposed form of bnd-pass filter phase

shifter is discussed. One of the problems encountered is that unless

special precautions are taken the unloaded Q of the resonator will vary

greatly as the resonator is tuned. Means for avoiding this difficulty

are outlined.
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In Sec. V the experimental results obtained from a trial inter-

digital filter with capacitively loaded resonators are presented. Design

theory for such filters was presented previously, and the measured

results were in good agreement with the theory. This filter had a

bandwidth of roughly an octave centered at about 1.5 Gc. The interesting

features of this filter are its very small size and its very broad

upper stop band. The filter was without additional pass bands or

spurious responses up to the second pass band, which was centered at

6.7 Gc.
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I INTROPUCTION

A problem that occurs quite frequently in complex'microwave systems

is that of designing multiplexers to break tip a large band of signals into

a number of separate channels, with the signals in the various channels

well isolated from each other. In the past, directional filters have ap-

peared attractive for this purpose because, in theory, they have a constant-

resistance input impedance; thus it should be possible to cascade a

large number of directional channel-separation filters without harmf I

interaction effects. However, in practice, directional filters have not.

proved as desirable as might be expected because the mechanically simple

types are difficult to design and tune when many resonators per filter are

involved, while the types that are easy to tune are physically complicated

(they involve two filters and two hybrid junctions per channel-separation

unit). In Sec. II of this report, a mathematical analysis is made of the

potentialities of another form of channel-separation unit, which should be

easy to tune, which need not be physically complicated, and which can (in

theory) be designed to have the constant-resistance properties (or nearly

constant-resistance properties) of a directional filter.

In previous work on Contract DA 36-039 SC-87398, considerable study

has been made of design techniques for magnetically tunable filters em-

ploying ferrimagnetic garnet resonators. In Sec. III of this report, the

results of additional work of this sort is presented. Most of the past

work has dealt with band-pass filters, while the work discussed in Sec. IIl

treats band-stop filters such as would be desirable for the elimination of

a single interfering signal. ''his work has also led to an unusually simple

means for measuring the resonance linewidth All of a ferrimagnetic material.

This is of importance in evaluating the quality of garnet spheres for use

in magnetically tunable filters.

On Contract DA 36-039 SC-74862, a number of different possible tech-

niques for electronic tuning of microwave filters were evaluated including

tuning by use of ferrite., electronically tunable up-converters, and tuning

of resonators byuse ofvaractor diodes as voltage-controlled capacitors.



The varactor diode approach was shown to be impractical for typical micro-

wave filter tuning applications because of the relatively low Q of presently

available diodes. However, in Sec. IV of this report, the design of reso-

nators tuned by varactor diodes is evaluated for use where very limited

tuning range is required. A proposed case of this type is a band-pass

filter type of phase shifter. One of the problems treated is the problem

of design of the resonator so as to give a reasonably constant unloaded

Q as the tuning of the resonator is varied.

In the Final Report for Contract DA 36-039 SC-87398, design theory

was presented for interdigital filters having capacitive loading on the

resonators. Such filters were predicted to have advantages of very small

size and the capability of having a very broad stop band above the pass

band. In Sec. V of the present report, the experimental results obtained

from a trial design are presented.
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II MILTIPLEXERS

A. GENERAL

This section discusses the design of multiplexers that have narrow

bandwidth transmission channels separated from adjacent channels by guard

bands. A schematic representation of a multiplexer of a particular design

that is being investigated is shown in Fig. I-1. The band-pass and band-

stop filters adjacent to each other in the figure are designed to work

conjunctly. In a frequency interval in which Channel 1, for example, is

to receive energy, the band-stop Filter 1 is designed to stop transmission

of the signal energy, thus isolating the other channels. At the same time

the band-pass filter comprising Channel I is designed to accept the signal

energy. At frequencies outside of the pass band of Channel 1, the band-

pass and band-stop filters are designed so that their residual reactances

tend to cancel each other. This minimizes interchannel interference and

the resulting energy reflections.

This method of design can analytically be shown to give unity VSWl1

at the multiplexer input at all frequencies if one uses maximally flat,

singly terminated filters for both the band-pass and hand-stop filters

of the multiplexer. A requirement on these filters, however, is that

CHANNEL I CHANNEL 2 CHANNEL n

R,, R~z R

BAND-PASS A S AND-PASS
FILTER C FL RTRFILTER

CENTE

BAND-STOP BAND-STOP BAND-STOP
L FILTER

E( CENTER CENTER 0 0 0 C R
FREQUENCY FREQUENCY FREQUENrY

W1 w*2 (Inj

Wt UNIT W2 UNIT w, UNIT

FIG. Il-I SCHEMATIC REPRESENTATION OF A MULTIPLEXER
OF A PARTICULAR DESIGN
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any pair acting conjunctly have the same number of reactive elements.

In that the multiplexer of Fig. II-i can theoretically give unity VSWR

at all frequencies, it is similar in its behavior to multiplexers that

use multi-resonator directional filters.'
* However, the design of

Fig. 11-1 offers the practical advantage that it should be considerably

easier to tune than multiplexers using multi-resonator directional filters.

A singly terminated low-pass filter prototype is shown in Fig. 11-2.

It is designed on the premise that it is to be driven by an infinite-

impedance current generator. The singly terminated filter has the prop-

erty that

20 log 1 0 , 10 log1 0 .eZ (II-1)

Therefore, the transmission response has the same type of behavior

as the real part of the input impedance.

FIG. 11-2 LOWPAS LUMPED-ELEMENT PROTOTYPE FILTER
DRIVEN BY AN INFINITE-IMPEDANCE CURRENT GENERATOR

A maximally flat singly terminated low-pass filter having a 3 db

cutoff frequency at w' =f has a normalized real part of

Re [Z 0 (c')] __ (11-2)

where n is the number of reactive elements in the filter. We will use
Eq. (1-2) to demonstrate that use of maximally flat, singly terminated

* where for eai h s ettio are nrued at te ee of the fe.tioc.i
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filters as prototypes for the band-pass and band-stop filters of the

multiplexer of Fig. 1I-I can result in a multiplexer design that, theo-

retically, has unity VSWR at all frequencies.

B. MULTIPLEXER DESIGN USING SINGLY TERMINATED FILTER

PROTOTYPES

A suitable transformation for obtaining a high-pass filter design

from a low-pass filter design in the case of lumped element filters is

c It (I-3)

This transformation corresponds to replacing in the low-pass filter all

inductors of value L' by capacitors of value i/L'; and all capacitors of

value C' by inductors of value 1/C'. Substituting Eq. (11-3) into

Eq. (11-2) gives, for the Re(Z!.]/Ro of the high-pass filter, the

expression

f Re 7, (.%. f

R f Jhigh-p... l + () 2n

If the low-pass and high-pass filters are arranged in series, we have

Re[Z~5'I Re[Z'~i
. 1 f ', .1=I . (II-5){ R+J lo I- , , a..

Using Bode's integral relationship relating real and imaginary parts of

minimum reactance networks
2 it can be shown that when Eq. (11-5) holds,

SJlow-pss IR' high-pass



Figure II-3(a) shows the proper physical arrangement of the prototype

low-pass and high-pass filters to realize Eqs. (11-5) and (II-6). In

Fig. II-3(a), ZAC represents the input impedance of the low-pass filter

and is given in normalized form by Eq. .(11-2); Z c represents the input

impedance of the high-pass filter and is given in normalized form by

Eq. (11-4); ZAB is the sum of ZAC and Z.. , and by Eq. (11-5) is unity

(normalized with respect to the load resistor) at all frequencies. Thus,

by selecting the generator resistance equal to the load resistance, the

VSWR seen at the terminals A-B in Fig. II-3(a) is unity at all frequencies.

The low-pass and high-pass filter attenuations corresponding to the cir-

cuit of Fig. II- 3 (a) are sketched in Fig. II-3(b).

PORT 2

t LOW-PASS FILTER

R A C HIGH-PASS FILTER

L C2 C" 

....

FIG. 11.3(o) SCHEMATIC SHOWING THE ARRANGEMENT OF THE PROTOTYPE

LOW-PASS AND PROTOTYPE HIGH-PASS FILTER

HIGH-PASS FILTER RESPONSEPORTATTENUATION, PORT I TO PORT 3)

FGHH L-PASS FILTER RESPONSE
4 (ATTENUATION. PORT I TO PORT 2)

Z

3

0 1.0

NORMALIZED FREQUENCY

FIG. 11-3(b) CORRESPONDING FILTER RESPONSES OF THE CIRCUIT OF (a)
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Next to be shown is that the multiplexer of Fig. 1-1 may be realized

from the basic prototype circuit given in Fig. 11-3(a). To demonstrate

this, the low-pass and high-pass filter of Fig. 11-3(a) are converted to

band-pass and band-stop filters, respectively. The conversion is accom-

plished mathematically through the frequency transformation

(Ll - M (11-7)

where

eo is the frequency variable of the prototype filters,

c is the frequency variable of the hand-pass and band-
stop filters,-

w. is the center frequency of the band-pass and band-

stop filters for channel. j,

w is the fractional bandwidth of the band-pass and band-
stop filters, and is defined by the equation

Wl~ - ( ),
=, - a (II-il)

fit
I

where a), and ro. are the frequencies at which the -

Phrysically, the transformation (I1-7) corresponds to replacing in

the low-pass and high-pass filters:

(1) All inductors of value / by a series combination of inductor
and capacitor of value L and C where

L

(11-9)

C
I

(2) All capacitors of value C' by a parallel combination of
capacitor and inductor of value C" and L" where

7



C"

I (I1-10)

)

As a result of tile transformation (Tl-7), tte circuit of Vi g. 1l-3(a) is

transformed into that of Fig. IT-4a) and the response of the circuit of

Fig. II-3(a) is transformed into that of Fig. II-4(b). Note that the

identities, Eqs. (11-5) and (11-6), are not affected by the transformation,

so that the impedance ZAB remains

7A ' R

at all frequencies. Since the band-pass and band-stop filters act con-

junctly to give a constant input resistance independent of frequency, the

terminating resistance of the band-stop filter at Port 3 may he replaced

by another pair of band-pass and band-stop filters acting conjunctly,

without affecting the performance of the preceding pair of filters. The

only requirement is that the input resistance of each pair must equal the

proper terminating resistance of the preceding band-stop filter. By

spacing the center frequencies of each pair of filters, the multiplexer

response of Fig. 11-5 is obtained and a multiplexer of the type given in

Fig. 11-1 is achieved.

Chebyshev singly terminated filters may also be used for the various

band-pass and band-stop filters of the multiplexer. However, these filters

do not have the desirable property of Eq. (11-5). This means that residual

reactance will appear throughout the pass hand of the multiplexer, re-

sulting in inter-channel interference and non-optimum transfer pf signal

energy between source and load. On the other hand, the Chebyshev filter

has a greater rate of attenuation outside the pass band than the maxi-

mally flat filter of the same number of elements. Therefore, for some

purposes, it may be desirable to use Chebyshev filters, if the residual

reactance can be tolerated for the particular application of the

multiplexer.

8
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PORT 2

L
2
J -BAND-PASS FILTEN

C2  L1

SA -BAN-STOP FILTER

FIG. 11-4(a) SCHEMATIC OF THE BAND-PASS AND BAND-STOP FILTERS
DERIVED FROM THE PROTOTYPE FILTERS OF FIG. 11-3(a)
BY TRANSFORMATION (11-7)

SBAND-.STOP FILTER RESPONSE
(ATTENUATION. PORT I TO PORT 3)

2
0

IOR
z
w

B AND-PASS FILTER RESPONSE

rATENUATiON, 
PORT I TO PORT 2)

wO  I wb w

FREQUENCY

FIG. 11-4(b) CORRESPONDING FILTER RESPONSES TO THE CIRCUIT OF (a)
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0

-- I

41 n

w, BAND -PSS AND BND-STOP nBAND-PASS AND BAND-STOP
FILTER RESPONSE FILTER RESPONSE

/BAN-PASS AND BAND-STOP

FILTER RESPONSE 1341

FIG. 11-5 HYPOTHETICAL IDEALIZED RESPONSE OF THE MULTIPLEXER
OF FIG. 11-1 CONSTRUCTED FROM MAXIMALLY FLAT SINGLY
TERMINATED BAND-PASS AND BAND-STOP FILTERS

C. MULTIPLEXER DESIGN USING OTHE FILTER PROTOTYPES

In some applications, it may be desirable to design the band'-stop

filters with fewer resonators than are used in the band-pass filters.

If this could be satisfactorily accomplished, there would result a con-

siderable simplification in the tuning and a reduction in size and weight

of the multiplexer. A procedure for such a design is described in this

part. It is based upon using singly terminated prototype filters for the

band-pass filters and doubly terminated prototype filters (i.e., filters

that are designed to be driven by sources having finite, non-zero

impedances) for the band-stop filters.

In the following discussion, we use only low-pass and high-pass

filters in the examples in order to simplify the design procedure and the

graphs of the worked examples. However, the resulting filter designs and

responses may be converted into the proper band-pass and band-stop filters

and responses by suitable transformations, such as Eq. (11-7). In the

following discussion the low-pass, high-pass filter configuration of

Fig. 11-3(a) will be referred to as a prototype channel unit of the mul-

tiplexer of Fig. 11-1.

AN A



The design procedure is based on the fact that outside the pass band

of the low-pass filter, ZAC [See Fig. 11-3(a)] tends to look capacitive.

In fact, an asymptotic series for the Im [ZAC(M)] is

Im [ZAA()] = + + +.. (I-Il)A A(6) 4u1 (aA4)' ( AS) '

If the value of A, can be discovered in a truncated asymptotic series*, we

can identify this constant with-an equivalent capacitor, C.q, which is in

series with the high-pass filter. Once C q is known, a doubly terminated

high-pass filter whose leading element is C oq can be designed. By

selecting the proper filter design prototype, the residual off-band VSWR

can be limited to less than any desired value.

Assuming that this can be done and that the off-band VSWR is suffi-

ciently small, other channel units may be cascaded with the first channel

unit with only small interaction. The number of channel units that can

be cascaded will depend on the extent to which the residual VSWR's of the

units build up, and upon the performance required for the particular ap-

plication of the multiplexer. We point out that this design method

focuses attention upon minimizing the residual VSWR in the off-band region

and does not directly consider the annulling of the reactance of the low-

pass filter in its pass band. Therefore, the method may or may not ad-

versely affect the pass-band attenuation of the low-pass filter.

A computer study of the prototype of Fig. II-3(a) was made in which

the number of elements of the high-pass prototype filter was increased

from one element to two, to three, and so on, until the low-pass proto-

type filter and the high-pass prototype filter had the same number of

elements. In the study, the low-pass filter was either a four-element

maximally flat, or a 0.5-db ripple Chebyshev singly terminated filter.

The high-pass filters were designed on the doubly terminated basis as

described before. The results of the computer study are given in

Figs. 11-6, 11-7, 11-8, and 11-9.

Figure 11-6 shows the channel unit VSWB for cases in which the low-

pass filter is a four-element maximally flat filter, designed on the

If the asymptotic series of Eq. (11-11) is mot truncated, them 41= q =Cj .
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FIG. 11-6 VSWR OF THE PROTOTYPE UNIT USING MAXIMALLY FLAT FILTER PROTOTYPES

singly terminated basis. The low-pass filter has a 3-db cutoff frequency

of W' = 0 The VSWR is computed from

z + R + IZAB - R,1r * .(11-12)

z A + RI IZA-RI

The symbol N in Fig. 11-6 represents the number of reactive elements seen

when viewing the high-pass filter at the terminals C-B of Fig. II-3(a).

We note again, however, that the high-pass filter is designed from a

doubly terminated prototype of (N + 1) reactive elements, wherein C.q is

the leading element of the (N + 1)-element high-pass filter. The case

N - 4 is not shown in Fig. 11-4 because it has previously been shown that,

for maximally flat filters, when the low-pass and high-pass filters have

the same number of elements, unity input VSWR is theoretically obtained

at all frequencies.

The corresponding cases using a four-element, 0.5 db ripple Chebyshev

singly terminated prototype low-pass filter are given in Fig. 11-7. The

high-pass filters had one, two, and four reactive elements. The filters

having two and four reactive elements are designed from 0.1 db ripple

12
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doubly terminated Chebyshev prototypes. The N I filter is a special

case in which the value of the inductive element of the high-pass filter

was chosen numerically equal to C eq In this instance it can be shown

that, for L - C.q9

1 +(_-_-__ + + ( oZC} (1-13)

As o' increases, the He[ZAB] approaches unity and the Im[ AB] approaches zero.

Comparing Figs. 11-6 and 11-7 shows that designs using maximally

flat filters offer better over-all VSWH's over designs using Chebyshev

filters, although the off-band VSWR when using Chebyshev filters could

be reduced by designing from smaller ripple high-pass prototypes.

Figures 11-8 and 11-9 give the pass-band attenuation of the maxi-

mally flat and Chebyshev cases, respectively. The designs using

Chebyshev filters are seen to cover the pass-band with smaller attenua-

tion and also have a greater rate of attenuation after cutoff than the

corresponding maximally flat cases.

In the previous p-ragraphs a design method for the synthesis of the

basic channel unit of the multiplexer of Fig. 1I-1 (i.e., a band-pass and

band-stop filter acting conjunctly) was given and worked examples

presented. The method depended on estimating the off-band reactance of

the low-pass prototype filter and approximating this reactance by a lumped

capacitance, which was denoted as C e. It has been found that suitable

approximations for C~q are given by

eq . (1 + A) , (11-14)

where C1 is the capacitor at the A-C terminals [Fig. 11-3(a)] of the low-

pass filter prototype; and A is a small number that typically ranges as

0.01 < A < 0.15 (11-15)

No rule is stated for determining A; 'however, there are these guide-lines:

16



(1) The value of A used for a Chebyshev filter of n elements

will be less than for a maximally flat filter of n elements.

(2) For both Chebyshev and maximally flat filters, A decreases

as the number of elements in the filters increase.

D. EXPERIMENTAL WORK

The structure of Fig. 11-10(a) is presently being investigated to

determine its merits as a multiplexer prototype unit consisting of a band-

pass and band-stop filter acting conjunctly. The approximate equivalent

circuit for the structure of Fig. 11-10(a) is given in Fig. 11-10(b).

Figure 11-10(a) represents a single cavity band-pass filter that is

coupled to the main waveguide by a rectangular slot in the broad wall of

the waveguide, and a single cavity resonator that is coupled to the wave-

guide by a longitudinal slot in the narrow wall. The slots are intention-

ally close together (in terms of operating wavelength) because the purpose

of the experimental work is to determine whether two filters oriented in

this manner can be sufficiently de-coupled to perform satisfactorily in

the pass band and also give sufficiently small off-band VSWR to permit

cascading several similar structures.

It is anticipated that the two coupling slots will be mutually coupled

by the evanescent fields about the slots, but it is hoped that the partic-

ular physical placement of the slots will minimize this effect. Should the

configuration of Fig. 11-10(a) prove satisfactory, considerable saving in

length of the multiplexer will result.
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III M1AGNETICALLY TUNABLE BAND-STOP FILTERS,
AND) A SIMPLE TECHNIQUE FOR GARNEr LINEWIDTH MEASUEMENT

A. GENEIIAL

Magnetically tuinabLe filIters are of 1 iterests for appl ications where

it is desired to blank out an interferinz, signal, risinig electronic Con-

trol to adjust the Wianki ng frequency. One- possile appl icat ion for

tis type of device is in. combi nation wit tita swept- frequency sinperliet.-

erodyne receiver. A narrow-band, magneti call y tu nnabl e hand-stop f ilter

could be used to elIimintate the image response of suich a receiver: As

the recei ver operat ing hand is swept, tine stop hand of the filter could

alIso be swept so as coiitiniioustIy to etiinate Lte image response.

The resonators of' the filters uinder di scuission uise ferr imngnneti c

resonance in spheres of stinch materialu as siingte-c rysta I, yttriurn-i ron,-

garnet. (YI;) . 1*In Y[(; resonators, the resonant, frequency car, he

control led by varying a hi asing, de magnetic field. 1.2 Figure I11 I1I

TYPICAL SPURIOUS
RESPONSE

01 _ _ _ __ _ _ _ 3db ------- -
0 t

FREQUENCY

FIG. I11-1 DEFINITION OF BAND-STOP FILTER RESPONSE PARAMETERS

R teferences for Sec. ItI are grouped at the end of thje sectison.
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shows a typical band-stop filter response obtainable using errimagnetic

resonators. Note that a small spurious response is indicated. Such

responses result from higher-order magnetostatic-mode resonances, as

occur from non-uniformities in the dc or IIF fields within the resonator

spheres.

SH
0

STRIP- LINE
GROUND PLANES CENTER CONDUCTOR

fIG SPHERES

INPUT OUTPUT

0

FIG. 111.2 A MAGNETICALLY TUNABLE STRIP-LINE BAND-STOP FILTER

Figure [[1-2 shows one form of strip-line, band-stop filter, which

can be tuned by varying the biasing field strength 110. The filter shown

uses three YIG resonators, each of which is magnetically coupled to

the strip-line center conductor. Figure [[[-3(a) shows an equivalent

circuit for a ferrimagnetic resonator with its magnetic coupling to

the transmission line. In the vicinity of resonance, the circuit in

Fig. 111-3(a) can be replaced by the circuit shown in Fig. 111-3(b).

Thus, in the vicinity of resonance, tiie filter in Fig. 1[[-2 may be

viewed as having three anti-resonant circuits connected in series with

lines approximately a quarter-wavelength long.

Figure [[1-4 shows a waveguide version of the filter in Fig. [11-2.

In this design, the region in which the YI(; spheres are located uses

reduced height guide in order to increase the coupling to the Y[G reso-

nators. Step transformers are used at the ends of the reduced-height

section in order to provide a good impedance match. In some cases it

may be necessary to space the spheres by approximately three quarter-

wavelength instead of one quarter-wavelength, in order to avoid direct

coupling between spheres.
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(a)

(b)
A-3527 64'

FIG. 111-3 EQUIVALENT CIRCUITS OF A YIG SPHERE COUPLED
TO A STRIP LINE AS SHOWN IN FIGS. 111-2 AND I11-4
In this figure, resonator losses are neglected

BROADBAND MGE
TRASFOME POLE

SECTION PIECES
GANET SPERS-' (0) SIDE VIEW

I v
I I IA - _ q/

Il~l~c~Is 1

I L H.I I I

(b)TOP VIEW

FIG. I11-4 A FOUR-RESONATOR MAGNETICALLY TUNABLE
WAVEGUIDE BAND-STOP FILTER
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Figure 111-5 shows another form of strip-line band-stop filter

structure to be treated herein. In this case, part of the center con-

ductor is replaced by a low-pass filter structure consisting of sections

of high- and low-impedance transmission line, which simulate series

inductances and shunt capacitances, respectively. 4'5 This configuration

may make possible a more compact structure, so that smaller m'agnet pole

faces can be used. It will be shown that this form of structure permits

tighter coupling to the resonators (which will result in a broader stop-

band width and higher mid-stop-band attenuation). A similar effect can

be obtained in waveguide by using a corrugated waveguide filter structure.'
5

GROUND PLANES

METAL CAPACITOR BLOCKS _ RELATIVELYETLDILCT I- -__ HIGH IMPEDANCE

Yo Y_ q 'k o
,;,7 = , i,/ 11 1 I {

STRIP-LINE SPE

CENTER CONDUCTOR
A-3527-642

FIG. 111-5 A SUGGESTED MAGNETICALLY TUNABLE BAND-STOP FI LTER
CONFIGURATION THAT PERMITS INCREASED COUPLING
TO THE YIG SPHERES

13. BANI)-S.'I'OP FrITI'B I)I GN IEQ!A'lIONS

We will now briefly define the necessary quantities and summarize

the filter design equations needed for the design of magnetically tunable

band-stop filters. Low-pass prototype filters, from which the band-stop

filters discussed herein are designed, are shown at (a) and (b) in

Fig. 111-6. Note that the element values are defined in terms of param-

eters g0 ,g1,g2,..,gn+," Typical maximally flat and Chebyshev responses

for such filters are shown at (c) and (d) in Fig. 111-6. Note that a

band-edge frequency a), is specified. Ilement values for prototype low-

pass filters of these types have been tabulated. 7,

22
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(b)

aM

z£
0
0 z

WA

FIG. 111-6 LOW-PASS PROTOTYPE FILTER
(a) and (b) Four basic circuit types, defining the parameters go, gi, ... g41
(c) and (d) Maximally flat and equi-ripple characteristics,

defining the bond edge -,,1
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Figure I1 [-7 shows the relati.ons that will be used to obtain the

band-stop filter design from the low-pass prototype. Note that the

band-stop filter responses shown have a center frequency (0 correspond"

"in-g-t-o-" =(' z for the low-pass prototype, and band-edge frequencies w

and (x2 , which correspond to the band-edge frequency w of the prototype.

Equation (1), shown in Fig. 111-7, can be used to, map the response of

the low-pass prototype into the corresponding response for the analogous

band-stop filter.

A quarter-wave coupled band-stop filter using resonators of the

form in Fig. 111-3(b) is shown at (b) in Fig. [11-7. Tihe design equa-

tions necessary for the design of the filter from a low-pass prototype

are also given., The resonators of the filter are characterized by their

resonant frequency wo (which is the same for all of the resonators) and

and their susceptance slope parameter 4. Tihe susceptance slope param-

eter of a resonator is defined as

2 dR.. (IId-a)

where S i is the susceptance of the resonator. Note that 4i has the

dimensions of susceptance; for a lnmped-element resonator such as that

in Fig. 111-3(b), 4i = WOCi, where C i is the capacitance of the capac-

itor. Equation (111-1), however, applies regardless of the form of the

resonator, as long as the resonator exhibits a parallel-type of resonance

(i.e., R,= 0 at resonance). If a resonator with a slope parameter of

41. is shunted by a conductance Gi, the Q of the combination is

Q = ([II-2)

Equations (1) through (3) of Fig. 111-7 can be used to map low-pass

prototype filter responses8 so as to find the number of resonators re-

quired to give the desired rate of cutoff, along with the desired form

of pass-band characteristic. After a suitable low-pass prototype

filter has been selected, the susceptance slope parameters required for

the resonators of the hand-stop filter can be computed in normalized

form using Eqs. (4) and (5) of Fig. 111-7. Note that for simplicity
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and practicality, the equations in Fig. 111-7 ha%e been restricted to

the case where go 
= g.+t" Chebyshe; filters with n odd and all maxi-

mally flat filters satisfy this conition, provided that they are

designed for minimum pass-band reflection loss. After the required

normalized resonator slope parameters are determined, the required

ferrimagnetic resonator properties can be determined, as explained in

Part C of this discussion.

Because of the finite O's of practical resonators, the attenuation

at WO does not go to infinity, but levels off at; some finite value

(L,4)..X as indicated in Fig. I[1-1. To a good approximation,

(L A)m.. = 20 log,, [(/)D1 2... I) )(glg 2... ,

+ 10 logo dh (111-3)

wihere

I = W WI Q= / ([ 1 4

and (Q,) is the unloaded 0 of the ith resonator.

A case of special interest is that where in equal-el ement prototype

having go = g j = g g. I i s used. Th is leads to a band-stop

filter having all of its resonators exactly the same. In this case,

Eqs. (4) and (5) of Fig. 111-7, and Eq. (M[I-3) above, reduce to

'i 1"-, (If-5)

O i=1 ton

slid

(LA)mX 20n log,0 (wvo'Q.) db , (M11-6)

respectively. If W', is defined as the 3-db point of the low-pass proto-

type response, for equal-element prototypes with all g, = 1, computations

show that co varies with the number it of reactive elements as follows:

n - n = 3 u) 1.52

n - 2 w; = 1.41 n = 4 to', 1.65 (11 -7)
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Using w' defined in this way, w is the fractional bandwidth , IAf
(A - W)/( 0 , where Af is the bandwidth at the 3-db points, as indicated

in Fig. III-1. It is interesting to note from Eqs. (111-5) and (11I-7)

that, for a given resonator slope parameter for the resonator, adding

one resonator so as to total two will increase the 3-db stop-band width

by a factor of v/2, but from there on, adding more resonators with the

same slope parameter will cause the 3-db stop-band width to become

narrower. Htowever, adding more resonators will cause the peak attenu-

ation (LA)... to he larger, and the bandwidth at, say, the 20- or 30-db

attenuation levels should be greater.

C. DETERMINATION OF FERRIMAGNETIC-RESONATOIR
AND COUPLING-STRUCTURE DIMENSIONS

If in Fig. 111-3(b), a short circuit is placed across the transmission

line just to the right of the resonator, and if the line to the left of

the resonator is terminated in a conductance G = Y' by Eq. (111-2) the

circuit will be seen to have a Q of

(Q)
(Qe) = (11I-8)

The Q here has been designated Q* because this Q corresponds to what is
commonly called the external Q of a resonator, i.e., the Q that a reso-

nator would-have if its internal losses were removed and it were loaded

only by the external circuit to the left in Fig. 111-3(b). Note that

(Q,)i above is the same as the normalized resonator slope paraweters in

Eqs. (4) and (5) of Fig. III-7, and in Eq. (111-5). Thus, we shall find

that existing data for determining the external Q of YIG resonators in

short-circuited strip-line and waveguide structures will prove very

useful in band-stop fitter design, as well as in the determination of

the linewidth of ferrimagnetic crystals (a subject to be discussed in

Part E). The short-circuit condition imposed to obtain Eq. (111-8) is,

of course, hypothetical as far as band-stop filters are concerned. But

imposing this hypothetical short-circuit provides a convenient way for

establishing the &1Y ratio of a YIG resonator coupled to a line.

P. S. Carter Jr. has derived equations for the external Q of YIG

ferrimagnetic resonators in strip-line and in waveguide structures 2
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and has also prepared easy-to-use charts for certain cases.' Carter's

charts 9 are reproduced in Figs. 111-8 and 111-9. The chart in Fig. 111-8

gives the external Q of a YIG-sphere ferrimagnetic resonator in a 50-ohm

strip-line structure, where the sphere is assumed to be placed close to

a short-circuit in the structure, or at some multiple of a half-wavelength

from the short-circuit. Figure 111-8 gives Qe for given sphere diameter

D. and strip-line to ground-plane spacing d, both in inches. The chart

given applies specifically to a 50-ohm strip line and to YIG (which has

a saturation magnetization of 4nM, = 1750 gauss). This chart can be

adapted for use in other situations by use of the formula

50 __o 1750Q C (9d) h rt zo \ u 9

where (Qec hart is the value of Q, obtained from Fig. 111-8 for the given

values of d and D, Z' is the actual characteristic impedance of the strip
0

line to which the ferrimagnetic sphere is coupled, and 47TM, is the satu-

ration magnetization of the ferrimagnetic material in gauss. The impedance

Z indicated in the formula will now be explained.

As mentioned in Part A, the filter in Fig. 111-5 utilizes a low-pass

filter structure having sections of high-impedance line to simulate series

inductances, and sections of low-impedance lines to simulate shunt capac-

itances. Such structures can be designed on the image basis, 4 from

lumped-element filter prototypesia or from step-transformer prototypes.
5,"0

In the pass band of this filter, the structure can be viewed as operating

like an artificial transmission line of image impedance Z0 = 1/Yo, which

corresponds to the characteristic impedance Z0 of the uniform strip line

in Fig. 111-2. However, though the effective line impedance that the

ferrimagnetic resonators observe is Z0, the resonators are actually

coupled to short line sections of much higher impedance Z7. Thus, if

Zo = 50 ohms while Z; = 100 ohms, the resulting Qe value will be

(50/100)2 - 0.25 times what it would be if the sphere were coupled to a

uniform 50-ohm line (case of Z. = 1/Yo = Z0  = 50). This Q. value of

one-fourth the size corresponds to a considerably tighter coupling be-

tween the line and the sphere, and would result in a broader stop-band

width and higher peak attenuation (LA).,.'
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Carter's chart in Fig. 111-8 was derived using a mathematical model,

which assumed a strip line with no fringing capacitance. Thus, as the

strip line becomes sufficiently narrow so that fringing effects influence

the BF magnetic field seen by the sphere, the chart will become less

accurate. Caution must also be taken in using too narrow a strip for

coupling to the sphere because, if the RF magnetic field is very non-

uniform, higher-order magnetostatic modes will be excited.

Figure 111-9 shows an analogous chart for a YIG sphere next to a

short circuit (or a multiple of a half wavelength from a short circuit)

in S-band, C-band, X-band, and K1/-band standard rectangular waveguide.

In this case, Eq. (111-9) is replaced by

= (Qchrt (W) (L t17, (/-10)

where b is the height of standard guide as indicated in Fig. lI-Ob'

is the height of the guide actually used in the vicinity of the sphere,

and b" applies to the case where a corrugated waveguide structure is

used '5 .
6 (which provides the analogous waveguide filter to the strip-line

filter in Fig. 111-5). The waveguide height b" is the height of guide

that would have the same characteristic impedance as the corrugated

waveguide structure. If the waveguide structure is not corrugated, b"= h'.

1). EXPERIMENTAL RESULTS

Two experimental strip-line structures were fabricated in order to

test the theory discussed above. Filter I had ths-following construction

and parameters:

(1) Physical form as in Fig. 111-2, with a 50-ohm strip line
having a strip-line to ground-plane spacing of d = 0.110 inch
(and a ground-plane to ground-plane spacing of 0.240 inch).

(2) Two YIG-sphere resonators of diameter D = 0.072 inch
located beneath the strip line and spaced 0.90 inch apart
from center to center.

The YIG spheres were mounted on small dielectric rods, which could be

rotated so as to tune both spheres to the same resonant frequency" (by

adjusting the effect of the crystalline anisotropy field on the resonant

frequency).
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Table 1I1-1

MEASUREID I.RFORMANCE OF lBAND-. 01' F ILTFR NO. I
(The filter had two resonators and was of the form in Fig. [11-2)

f tf A APPHIOX.

0MEASUIWI) COMPUl EI) 0 MAJOR t
(Go) (dh) (Mc) (Mc) (oersted)* sll OU liSONE

2.0 8.5 13.6t 8.3 730 2-db high atII 700 oursted"

2.2 22.5 12.5 9.2 745 0.4-db high at'I = 520 oersLed*

3.0 32.0 15.2 12.5 1000 None observed

4.0 35.2 18.3 16.2 1450 0.1-db high at
11 - 1510 oersted"

5.0 36.8 1 .4 20.3 1570 0.8-db high at
It = 1720 oersted*

6.0 38.4 42.5 !  
24.3 100 One, 1.4-11I high

for II =2090oiersted.
Another, 0.5-db
high for
I -" 2200 oersted.*

As measured approximately, with a gausameter.
These oversized 4f values are ielieved to lie due to the close
proximity of spurious responses.

Table 11I-I shows the measured resu Its obtai ned with Fi I ter I. For

resonance at f0 = '2.0 Gc, the biasing magnetic field is not sufficiently

large to permit very good operation, but above approximately f. 2.2 Gc

the performance is reasonably-good. Note that (LA) is 32.0 db for

fo = 3.0 Gc and increases for larger valties of f.. 'The 3-db bandwidth

Af (see Fig. 111-1) was measured,* and also computcd using Eqs. (111-5),

(111-7) for n = 2, (111-8), and Fig. 111-8 (which gave () 170). Note

that except for the sizeable errors at 2.0 Gc and 6.0 Gc,
which are believed to be due to the proximi ty of spurious responses, "fhe

agreement between computed and measured values of Af is reasonably good.

Since spurious responses (see Fig. iI1-1) due to magnetostatic modes

are always an important consideration in filters using ferrimagnetic

resonators, the major spurious responses that were observed are noted

on the right side of the table. These responses were observed by holding

the signal frequency constant at the indicated value of fj while the

In all the measured data in this part and in Part E, 4f was measured by interpolating from
cavity wavemter data using a swept signal generator and an oscilloscope. Thus the data
for 4f are probably accurate to only plus or minus a few tenths of a megacycle.
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biasing magnetic field was varied. Except at 2.0 Gc, which was out of

the good operating range of the device (and possibly at 6.0 Gc, where

there was a 1.4-db high response), the spurious response activity was

quite small.

It is well known that if a ferrimagnetic resonator has sufficient

power incident upon it, it ceases to perform as a high-Q resonator.

(This property is utilized in YIG limiters.) In the case of a band-stop

filter, this means that the attenuation of the resonators will disappear

if the incident power is large enough. Figure [11-10 shows the results

of tests on Filter 1, which were made in order to determine the satura-

tion characteristics of the filter. As expected, the attenuation dropped

for a relatively small amount of incident power at 3000 Mc, but no satu-

ration was observed at 6000 Mc for the amount of power available from

the signal generator being used. The low saturation level, which occurs

in the vicinity of S-band, is due to the fact that the spin-wave manifold

60

fo6000 Mc

f 300 Mc

10-----------------

001 002 004 0.06 0.! 0.2 04 06 0.8 1 2 4 6081
INPUT POWER -millitfs

FIG. 111-10 (LAnmo vs- INCIDENT POWER FOR FILTER 1
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for YIG overlaps the uniform-precessional mode in this, frequency range,

and non-linear coupling sets in between the uniform-precessional mode

and the spin-wave modes at quite low power levels.
12 Now the frequency

range where there will be a large number of spin-wave modes with resonant

frequencies which overlap that of the uniform precessional mode extends

up to the frequency
12

f2.8)474S Mc (III-1l)0 ) M"

(and somewhat beyond), where in this equation 4774., is in gauss. For YIG,

which has 4TM = 1750 gauss, Eq. (I1-11) gives (fm0C = 3270 Mc. In

order to prevent saturation effects from occurring at low power levels

at S-band, it is necessary to use a ferrimagnetic material such as

gallium-substituted yttrium-iron-garnet (Ga-YIG), which has a lower value

of 477M,. In the case of this particular device, no tests were made to

determine the actual power levels for saturation at frequencies above

S-band. However, Carter 13,2 found that in an X-band band-pass filter

having a YIG resonator, 10 watts of incident power were required before

saturation effects were apparent. In the case of an analogous X-band

band-stop filter, saturation effects would be evident at a somewhat lower

incident power level (estimates indicate at abouta6-db lower pnwer level),

but the saturation effects would probably increase with power very gradu-

ally if the band-stop filter had multiple resonators. This is because

the second band-stop resonator would not saturate until the attenuation

of the first band-stop resonator was very low, so as to let most of the

incident power by. Also, the tighter the coupling between the transmission

.l-ine and the ferrimagnetic resonators (i.e., the smaller the 6i/Y 0 ), the

larger will be the power handling ability of the filter. This is because

as the resonator couplings get tighter, more power is reflected at reso-

nance and less is absorbed by the resonators.

It was next desired to test the feasibility of increasing the coupling

between a strip transmission line and a YIG sphere by coupling the sphere

to a line of relatively high impedance Z' while the effective line im-

pedance into which the sphere operates is a lower impedance 7 0 . This is

the situation discussed in Parts A and C above with respect to Fig. II-5.

A rough approximation to this type of operation for the case of one Y[G

resonator was obtained by removing one of the YIG resonators of Filter I
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0350 in"h 0,072-inch din,1 . 516 SPHERE

0.252 inchw

Z~5nhn 1" 0Om

FIG. 111-11 NOTCHING OF STRIP LINE TO INCREASE
COUPLING TO A YIG RESONATOR

and notchi ng thre str ip I i ne i n tire v ici ni t o f the ot her resonator, a

shown in Fig. Ii -1- . The sphiere w as couip I d to at I io sec tion of F iM-

pedance 7'; since the notchledl region was quite short., thIe termrinuatinog

impedances seen by the sphere were sti ll approximately 50 ohms (thouigh,

of course, as the not2Ir was rmrt deeper greater devi at ion from this

desi red condit ion ecirireri) . O~ne of' thre marin objectives o-f this experi -

mnent was to determine how narrow the strip line could be cut. without

c:ausing a si zeabl e increase in spurious response activity. A se conitda r'

o bj e c Li ve w as t o vye r. fIv fon her 1 th )e valI i d i tvy o f thIte d e s ign thIte ory

discussed above.

As the depth o( the notchr inr the strip line was increased, (LA)M,

and the 3- db barndw idnth ii were measuired for *fo- 3000 and 4000 Mr , anrd

ninecks were made ton determine thre location and size oif any spuriours

responses. No appreciable increase in spurious response activity wits

noted ranti I the stri p was notched so that w' n0.072 inch =diameter

of sphere. For this case, the spurious responses rose from -it few tenthis

of a dl) in height to somewhat over a (lh.

After approximating the resonator susceptance Function by

B 2~'~----~ (11-1f



where & is the resonator susceptance slope parameter, it is easily shown

that for a single-resonator band-stop filter structure

z Q - (111-13)
YO 2Af

where Af is the 3-db bandwidth defined in Fig. 11-1. Table 111-2 shows

the values of (LA)max and Af measured for f0 = 3000 Mc; the value of Q,

obtained from Eq. (111-13) above is compared with the value computed

using Eq. (111-9). Note that by notching the strip line, very sizeable

increases in (LA)... and Af were obtained, as expected; the values of Q,
computed from the measured data agree reasonably well with the data ob-

tained using Pig. 111-8 and Eq. (111-9).

Table 111-2

EFFECT AT fo3000 Mc OF NOTCIING A 50-OHM STRIP LINE
TO INCREASE COUPLING TOA YIG SPHERE

(A single 0.072-inch diameter YIG sphere was used

and the line was notched as shown in Fig. Ill-l)

,, zV (LA) )ma 4f o
(inches) (Ohms) (db) 2 B) 9  

Y EQ. (111-9)

0.252* 50* 12.5 Q 167 170

0.152 74 20.8 17 88 78

0.102 93 24.5 29.6 52 49

0.072 110 24.0 36.8 41. 35

Case of no notch. In the design of the strip line, the
fringing capacitance between the line and the side wells
of the outer structure were taken into account, since the
side wells were only 0.100 inch from the edges of the line
when w' - 0.252 inch.

The experiment described above verified that the coupling tot a

ferrimagnetic resonator can be considerably increased in a strip-line

structure if the sphere is coupled to a line section of relatively high

impedance Z', while the effective line impedance is of lower value Z
0 0

However, the notch shown in Fig. 111-11 can cause an appreciable VSW11,

and a low-pass structure, such as that in Fig. 111-5, is preferable. To
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test this principle, Filter 2 (shown in Fig. 111-12) was fabricated.

This is a low-pass filter structure that was designed from a step-

transformer prototype as discussed in Sec. 7.06 of Ref. 5, though other

methods could also have been used. The structure of Filter 2 had the

following properties:

(1) A Z0 = 50-ohm input line was followed by a low-pass struc-

ture consisting of a short section of '0 = 91 ohm line,
followed by a low-impedance section of 26 ohms impedance,
followed by another section of Z7 = 91 ohms, followed by

an output line of Z 0 = 50 ohms. The low-pass structure
was designed to match Z0 = 50 ohms in its pass band.

(2) The cutoff frequency of the low-pass structure was 4000 Mc,
so all desired signals should be below this frequency.

(3) The two Ql-ohm line sections were each 0.221 inch long,

and the 26-ohm line section used l|exolite 1422 dielectric

and was 0.1.39 inch long. The 50-ohm input and output

line sections used flexolite 1422 dielectric for rigidity.

(4) Provision was made for mounting a YIG sphere on a rod at
the center of each-Z = ql-ohm line section. In order to

reduce possible coupling between the two spheres, one
sphere was mounted above, the other below its adjacent

91-ohm line' section. The resonators were each mounted
with a [110] crystal axis parallel to the mounting rod

axis; the resonators were tuned by rotating the spheres

about this axis (which was pekpendicular to the biasing

field I0). 1

When the filter was tested with two spheres, it was found that there was

appreciable direct coupling between the spheres, in spite of efforts to

avoid this difficulty. This coupling evidenced itself by interaction

between the two spheres when either was tuned. Because of this, only

one resonator could be used satisfactorily in this structure.

Tests were made on Filter 2 using one YIG sphere; Table 111-3 sum-

marizes the results. Note that the measured and computed values of Q.

again agree reasonably well. The quantity on the right is the unloaded

Q, Q.. This was computed from the measured data by procedures (to be

discussed in Part E, following).

In order for a filter structure such as Filter 2 to work satisfac-

torily with two or more spheres, it appears that the spheres would have

to be spaced so that the electrical distance between them is approximately

3n/2 radians instead of 1/2 radians in the operating range. This would
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I2 3

FIG. 111-12 FILTER 2, WHICH UTILIZES A LOW-PASS FILTER STRUCTURE
TO ENHANCE THE COUPLING BETWEEN THE MAIN LINE
AND EACH YIG SPHERE
A YIG sphere is shown mounted in the structure
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Table I11-3

MEASEIIDIf IIS I ,'I ITAINI) ON TIlK FILT EII STIITUII" IN I"1(. I1I 12
USING (OINE 0.072- INCII I)IAIMFTI11 YIG IWSONATI(

(L f0
fO f (L4f I )-x Q - 4. 'i(01) (Me) G1d1) , nz\ BY EI. J- II -)

2200 26.2 11. M 42.0 4Q. 0 283
3000 26.7 21.3 56.2 49.0 103)
4000 41.3 23.5 4R..5 49.0 1 460

make the direct coupli ng between reso'nators negligible, but th is arrange-

ment would also tend to I ini t further the tuning range over which fullI

use of the resonatonrs can be made. (If two band-stop resonators are

separated by an odd multiple of 77/2 resonators, the total dl peak atten-

nat. ion will be approximately twice the db peak attenatLion of either

resonator alone. If two resonators are separated by a TuiipI Of 71

radians, the total db peak attenuation will be only about 5 db more than

that, for one resonator alone.) Iowever, if the structure had been fab-

ricated more as shown in Fig. 1I1-5, where metal capacitor blocks are

used, the metal blocks might have been helpful in eliminating direct

coupling between resonators. (In Fig. 111-5, mounting the middle sphere

above the st.rip line instead of below should also help.)

' . A SIMPLE PIAOCEI)UIiE FOB MEASURING THE LINEWI)TH
OF GARNET IESONATOFIS

Operating a garnet sphere as a single-resonator hand-stop filter

provides a simple means for determining the resonance linewidth All of
the garnet material. We shall now describe the necessary equations and

procedures.

The effect of tire internal loss in a garnet resonator in a hand-stop

filter can be represented by a conductance G. in parallel with the L an.d

C in Fig. [[[-3(b). Then the unloaded 9 of such a resonator is '?,, =

where 4) is the resonator susceptance slope parameter. Using this defini-

tion of Q., along with Q, - 11/Yo by straightforward circuit analysis it.

is easily shown that, for a single-resonator band-stop fil ter,

, 20,(4 - 1)
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where

A = antilog 0  (LA20 (1 -15)

and (LA)..X was defined in Fig. 111-1. Now Q. can also he expressed as

H0
Q = 

(111-16)

where 110 is the dc biasing field strength at resonance, and Al is the

resonance linewidth.1 Neglecting the effect of the anisotropy field on

the frequency of resonance,

110 2.8 oersted (111-17)

where (f0)HM is in megacycles. By Eqs. (111-14), (111-16), and (111-17),

(fo)Mc
All = oersted (111-18)

5.6Q,(A - 1)

Since for strip-line and waveguide configurations, Q, can be obtained

directly from the-information in Part C of this discussion, All can be

determined by measuring (LA)max and then computing NI from Eq. (111-18).

This writer (G. L. Matthaei) found from discussions with

Dr. K. L. Kotzebue of the Watkins-Johnson Co. that Dr. Kotzebue has been

obtaining linewidth measurements by making band-stop tests, then apply-

ing the approximate formula

A = A -ersted (1II-19)
2. 8..4

where (Af)MC is the bandwidth defined in Fig. Ill-1 in megacycles, and

A is given by Eq. (111-15). Equation ([11-19) can be derived from

Eqs. (111-16), (111-17) and Eq. (8) of Rlef. 14 (by Kotzebue). Because

of certain approximations involved, this formula should be most accurate

if (LA)m. is sizeable.
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Dr. Kot ,.ehiv aiid I his write r made some t ril aI eqt s anid c omparied t hie

two proceduries j ust, dirs irisSd. The' resti Its we-re i n ('ocouragi ngi y good

ag r eementiL Foi example, Table I 1I 4 shows the resnil rts of a series of

tests on garnet spheres tested in st audard X-hand waveguide. The spheres

were mounted ini the guide hy insertinig them in a piece of polyfoam, whichi

was slipped ito the guile. No effort was made to orient the crystal

axcs in any special way. For each case, (LA4) . andl Af were measured,

and N1l was comptitedl both by Eq. (111-1.8) and (11).Note that the

two values of Aft are, for the most part., in good agreement, especially when

consi dering that the accuracy in measuring Af was prohably only to a

few tenths of a megacycle.

Table 111-4

RESULTS OF SOME IINEWIDTH TESTS ON' YIG ANT) Ga-Y[G SPHERES
IN X-BAND WAVEGUIDE

.9PHtHIE (a
MATERIIAL. DIAMETER A max Af MH EQ. (111-18) M.f EQ. (111-19)

(inches) (db) (Mec) I (oersted) (oersted)

Yl(G 0.072 19.5 11.0 0.43 0.42

Go-YIG 0.071 10.5 6.7 0.71 0.71

920 Gauss

YTG 0.049 11.6 3.5 0.35 0.33

YIG 0.049 11.6 3.0 0.35 0.28

LYIG 0.041 17.7 13.5 1 0.44 1 0.52

lDue to certain approximat ions inv olIved, lEq. (1I11t- 19) can be expf.r ted

to deteriorate in accuracy i f (L A) ma.x is not sufficiently large [i.e.,

probably (L A) .. shoiid be around 10 dh- or more] . Some experimentalre

suits suggest that Eq. (I11-18) will also give better results if (L A) ma~x

is around 10 (11) or preferably larger (though the need for this has not

been fully checked at this time). Thus, it is recommended that a wave-

guide or strip-line structure be usedl that will give a reasonably tight

couplinrg between the sphere and the structure. (A (Ie value between 500

and 1000 is satisafactory at X-hand for most, cases. ) in wavegiiide struc-

tures, reduced he ight wav egnaide will be requi red in cases where the

wavegu ide cross- sectioanal dimensions are very large compared to the
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sphere diameter, but caution should be taken that tile height of the guide

is not reduced so much that the close proximity of the metal walls de-

grades the unloaded Q of the garnet resonator. A guide height of three

times the diameter of the sphere is probably safe. Similar considerations

hold when making tests using strip-line structures. Caution should also

be taken to ensure that tests are not made at frequencies where a spurious

response is very close to the main response.

The two test procedures described above are both quite simple and

easy to use, but the one based on Eq, (111-18) appears to be especially

convenient, since it only requires that (LA) .. be measured (no bandwidth

measurements are needed). As can be seen from Table II1-3, the tests can

be made in standard X-band waveguide for the more common sizes of YIG

spheres, and no special test devices are required

Mr. Ernest Stern of the Micr, wave Chemicals Lalioratiiry_, Inc. has

informed this writer (G. L. Matthaei) that H. E. lussey of the U.S. Bureau

of Standards, Boulder, Colorado has also developed a procedure for tesi-

ing YIG spheres, which requires only an attenuation measurement. Mr. Stern

also reports that Bussey's procedure is frequently used by YIG material

manufacturers. Though Bussey's procedure and that described here involve

the same fundamental physical principles, his procedure apparently uses

a different analytical point of view and has been based on tire use of a

special test cavity. Tire procedure outlined herein appears to have ad-

vantages in that for many cases no special test device will be required

and the calculations involved are reduced to a minimum.
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IV VOLTAGE-TUNABLE FILTERS AND PHASE SHIFTERS

A. GENERAL

Voltage-variable capacitors (varactor diodes) have been employed for

a number of years as electronic tuning elements. Unfortunately, the so-

called spreading resistance of the diode, which is effectively in series

with the diode capacitance, causes the circuit performance of any given

varactor to become poorer as operating frequency is increased. Also,

each diode is limited in its range of capacitance variations. These two

characteristics combine to limit the use of varactor-tuned circuits at

microwave frequencies. One can expect, however, that solid state tech-

nology will greatly improve the quality of these circuit elements so

that, in time, their use will be greatly expanded.

Although highly selective voltage-tunable band-pass filters having

low insertion-loss cannot yet be constructed with varactor diodes at micro-

wave frequencies, 1,2. a varactor-tuned resonant circuit, which is either too lossy

for a narrow-band filter or incapable of sufficient tuning range in a mod-

erately wide-band filter, is still useful as a phase shifter. This is

explained by the fact that while there will be negligible change in attenua-

tion, there can be a large change in phase shift if the pass band is tuned

to move back and forth a small amount. A relatively small tuning range is

required to obtain a useful amount of phase shift, because the total phase

variation-with frequency is 180 degrees per resonator with most of the varia-

tion occurring in and near the pass band. Thus, a band-pass filter consist-

ing of several resonant circuits should be tunable so that a phase change of

(plus or minus) 90 degrees or more is obtained (at a given center frequency)

with negligible change in signal level. It would be necessary to tune the

center frequency by some amount less than the filter bandwidth and still

maintain the shape of the pass band sufficiently well so that dissipation

loss at center frequency remains unchanged.

In view of the above prospects and possibilities, Part BandCdiscuss

circuit configurations that could be used for either band-pass filters or

phase-shifters. Tuning range and dissipation loss are considered. Part D

gives some numerical examples.

Bhferescmfor Sec. IV are grouped at the end of the section.
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1B. RESONANT CInCIJTTS
EMPLOYING VOLTAGE-

Cd VARIABLE DIODES
L

Rd Figure IV-] shows a

parallel LC resonant circuit
Q .- 4344-2 in which the varactor diode

cornprises the total circuit
FIG. IV-1 A RESONATOR WITH DIODE-

CAPACITANCE TUNING- THE capacitance. Q., the Q of

Q OF THE RESONATOR EQUALS the unloaded circuit, equals
THE Q OF THE DIODE (d, the Q of the diode; the

circuit losses occur mainly

in the diode series resistance

Rd . As the circuit is tuned, it is seen from the equation

0.= L/d (IV-l)

that Q. increases with frequency of resonance o,. Ilere both L and R
1
d are

fixed. The tuning ratio, maximum frequency to minimum frequency, is

p = (C2/C1 )' (IV-2)

It can be easily shown that Q. can be substantially increased 'above

Qd' provided the tuning ratio p is reduced. Two lumped-element circuits

that accomplish this increase are shown in Figs. IV-2 and IV-3. Design

curves relating bandwidth and O-multiplication factor for these circuits

are given in Rlef. 2. In the circuit of Fig. IV-2, the diode capacitance

Cd is greater than the total circuit capacitance consisting of Cd and

C in series, while in the circuit of Fig. IV-3, the diode capacitance

is less than the total circuit capacitance. Thus, by means of one of

the circuits in Figs. IV-] to IV-3, any of a wide variety of diodes can

be used to tune a resonant circuit in a given frequency band. Of course,

the tuning ratio and 0. are different in each case and the optimum

choice depends both on those values and circuit complexity. Ilowever,

no matter what choice is made, one finds that Q. increases more or less

rapidly with frequency when the circuit is tuned by changing Cd .
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A circuit that employs a transmission line 2 in place of the added

inductor and capacitor of the previously mentioned circuits is shown

in Fig. IV-4. In this circuit, as in the lumped-element circuit, Q.

is enhanced. Not only is the Q. of this circuit greater than the diode

Q, but the designer has sufficient circuit parameters available that

he can favor either the low end or the high end of the tuning range

with respect to enhancing the diode Q. This is accomplished by judicious

choice of Z 0, 0' and n in Fig. IV-4. It is, of course, necessary to

satisfy the resonance equation

tan 6' - 1/aCdZo (IV-3)

where the electrical length 0' < 7T/2. (Although the total length of

transmission line is constant, the nodal point shifts as frequency is

changed and the quantity 0' is thus a somewhat complex function of frequency.

Cs

LCd LiCd

Rd I Rd

tA&-az..T.-,o fl-.,..-fl -lit

FIG. IV-2 A RESONATOR WITH DIODE- FIG. IV-3 A RESONATOR WITH DIODE-
CAPACITANCE TUNING CAPACITANCE TUNING
AND AN EXTRA CAPACITANCE Cs AND AN EXTRA CAPACITANCE Cp
TO ENHANCE THE Q OF THE TO ENHANCE THE Q OF THE
DIODE DIODE

C. TWO NEW CIICUITS TIIAT ALLOW ADDITIONAL DESIGN FLEXII31LITY

The variation of the resonator Q. with frequency is determined by

the particular circuit and element values chosen; although many choices

are available to the designer in circuits of Figs. IV-l, IV-2, and

IV-3, the Q. at each end of the tuning range is always different some-

times greatly so. However, greater design flexibility is afforded by

the circuit of Fig. IV-4 with respect to controlling this Q-variation.

This design flexibility can also be obtained in a slightly more complex
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2 w CI Lp

0 < 8' <90o*

n20, 1, 2,

FIG. IV.4 A TRANSMISSION LINE FIG. IV.5 A RESONATOR WITH A PARALLEL
RESONATOR TUNED (L PCp) NETWORK IN SERIES WITH
BY THE BARRIER THE VARACTOR TO ENHANCE THE
CAPACITANCE OF A DIODE Q IN A CONTROLLED
BACK-BIASED DIODE MANNER

lumped-elemnent. resonator ci rcu it, as shown in Fig. 1 V-5. The ci rru i

of Fig. IV- 4 alIso can be s lightliy mod if ied to produce the c'i rcui t. of

Fig. IV-6. These circuits can he designed to increase Q. above Q

with a 09-multiplication factor that--can be independently conrtrolled

for two points in the tuning range, as explained below.

In Fig. IV-5, an auxiliary circuit composed of inductor L Pand

capacitor C Pin parallel is in series withl the main inductor L and the

varactor diode. The resonant frequency u) 1/LC of thle auxiliary

circuit L P is below the pare Ilel -resonant frequency (A) for the over-all

circuit, ant] has an effect on (L) rsimilar to thle series capacitor C. of

the circuit of Fig. IV-2. H-owever, the auxiliary circuit susceptance

is not a linear function of frequency, as is the susceptance of a

capacitor. Tn thle limit ( the case of
NODA PONT C Rda very low resonant, frequency of the

I auxiliary circuit) its effect in I-he

0/C Io network at the operating frequency
S(2nI)4 4 approaches that, of a series capaci -

t ance, whilte for a resonat frequency
0 <0,< o. ha t is v Iose to but s Iight ty Iess

I n I It( operat i og frequency, i ts

FIG. IV.6 AN OPEN-CIRCUITED TRANSMISSION (-fe ct i s m or e compl Iex. hn particibir,
LINE RESONATOR TUNED BY I I otid to raise the ci rruit. '

DIODE CAPACITANCE
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AI
more near the low end of the tuning range then near the high end. The

expression for Q. of the circuit in Fig. IV-5 is, for any frequency of

resonance co

0 - - (IV-4)'U 
d

where the reactance slope parameter3 x is defined (in the notation used

here)

Cd dX]
r A 

(IV-5)
2 dcoI

and X, the total series reactance, is given by

X - A + (IV-6)

The factor on the right in Eq. (IV-5) is found to be

dX 1 [ d ) ).

from which equation, combined with Eqs. (IV-4) anti (IV-5), the Q. of the

circuit may be obtained. The behavior of dX/d<o can he easily visualized

by examining Fig IV-7, which is a plot of the reactance X for the two

cases where &. is near and far from the operating range. It is evident

that the slope of the curves of the circuit reactance at a resonant

frequency (the figures show X for the two cases where the varactor is

tuned for circuit resonance at wi ando 2) is little affected by the pole

at Co in Fig. [V-7(b). In Fig. IV-7(a), where ,)p is close to the operating

range, the slope at resonance is much affected by the nearby pole w,

particularly at the lower portion of the operating range, as indicated

by the dashed curve with resonant frequency r', in Fig. IV-7(a). Note

the spurious pass band below co in Fig. IV-7.
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FIG. IV-7 LOOP REACTANCE DIAGRAMS OF CIRCUIT OF FIG. IV-5

Trhe transmissi on-line resonator circuit of Fig. iV-6 is similar

to that of Fig. IV-4, except that the short-circuit termination of

Fig. IV-4 is replaced by an open-circuit in Fig. IV-6. All other

things being equal, the total line lengths for the two circuits must

differ by A.,/4 and the corresponding Q. must; be different. (in the

same sense). It is reasonable to supposec, there fore, that the design

graphs that give the Q-multiplication factors for the circuit of

Fig. IV-4 2 can be adapted for the circii of Fig. IV-6 by interpo-

lation. For example, a curve for the circuit in Fig. 1V-6 could be
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sketched in about midway between curves n 1 and n = 2 in Fig. 27-7,
p. 458, of lief. 2. The approximate bandwidth contraction factor for

this circuit could be obtained by interpolating between Figs. 27-4,

-5, and -6 in Hef. 2.

D. A DESIGN EXAMPLE

In order to compare the circuit of Fig. IV-5 with the earlier
forms of resonators shown in Figs. IV-2 and IV-3, a design example was
worked out using the same input data that was used in designing the

latter two circuits (see Table IV-i). For the particular diode chosen,

Table TV-I

COMPARISON OF RESONATOII Q's OBTAINED WITH TIlE CIRCUITSOF FIGS. IV-2, IV-3, AND IV-5

Fxample: (Cd /Cd ) = 2.5, (Qd)i = 40, (Qd), = 100

For Frequency Range 1000 to 1100 Mc

TYPE OF RESONATOR (Q )aFw (Q,)

win max

Fig. IV-2 138 710

Fig. TV-3 284 347

Fig. IV-5 300 300

with Cdwie C d l = 10 pf and C a  = Cd2 = 25 pf, the values of Q. atmmax

the extremes of the tuning range were made to be equal with Q. = 300
for the circuit of Fig. IV-5. This compares with the unequal values

of Q. at the extremes of the tuning range for the other two circuits.
The element values for the circuit of Fig. IV-5 are L = 0.00585 kh,

LP - 0.0134 uh, CP = 7.4 pf. The parallel resonant frequency of the
auxiliary circuit is fp = 510 Mc.

These design values were obtained by the following method: We first
note that there are three conditions to be fulfilled, namely, the circuit

must be resonant at 1000 Mc when Cd2  25 pf, and at 1100 Mc when Cdl
10 pf, and theQ*'smust be equal at these frequencies. The resonance

condition is given mathematically by setting Eq. (IV-7) equal to zero

at w i and ,2.

51



Thus

1 /L A(Ad 17 CA)- L I (/a-8 C

and

L. + 1 lpi 1 0 (IV-9)

WJL cd \J Wp LF - l/ao2
0 P

2 d I ~p 2 p 11(2

The equal Q. condition is obtained from Eqs. (IV-4), ([V-5) and (IV-7):

[, L + ... 22 L + -1 (IV-10)

L L, d 2('Cd)

Although an explicit solution is possible, the quadratic form of

Eq. ([V-]0) makes the mathematics involved; therefore, a graphical

solution was obtained with the aid of the following three equations

derived from Eqs. (IV-8) through (IV-10)]:

L 1 - ( ) -- (IV-12)

Lp .L a -,[L~ ,, L~d (tV-12)

and

-L - IV-13)[L 2 1 Cd2l 1

52



Finally, C, is calculated from

C - (IV-14)
P p

Equation (IV-l) was obtained from Eqs. (IV-8) and (IV-9) 'after first

making the substitution c2 = 1/L C ), by solving each for L, equating

the resulting expressions and then solving for L. Equation (IV-12) is

Eq. (IV-10) rearranged, and Eq. (IV-13) is Eq. (IV-8) rearranged, with

the above substitution made here also. When a pair of values of 0 andp

L that satisfy Eq. (IV-il) are found to yield the same value of L in
Eqs. (IV-12) and (IV-13),, the problem is solved. As a check, the values

of Q. are calculated at w ! and w 2 "
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II

V ANSUM PERFIANCE OF A CAPACITIVELY LADE

INTMEIGITAL FILTE

A. FILTER DESIGN

The resonators in a capacitively loaded interdigital filter consist

of an array of coupled-line elements, each having a short circuit to

ground at one end and a loading capacitance to ground at the other end.

The positions of the short circuits and the loading capacitances alternate

from one resonator to the next, as shown in Fig. V-1. For the particular

configuration considered here, the short circuits on the first and last

resonators are replaced by the terminating admittances. Design equations

LINE NUMNERS 1 2 3 4 * * -I ..

TERMINATING TERMINATING
LINE UNE

ADMITTANCE ADMITTANCE
VA YE

FIG. V-1 CAPACITIVELY LOADED INTERDIGITAL FILTER
WITH UNGROUNDED END RESONATORS

and calculated frequency responses for wide-band, band-pass filters oi

the type illustrated in Fig. V-1 were presented in a previous report.1"

A capacitively loaded interdigital filter has been constructed for the

dual purposes of experimentally confirming the predicted performance

and of introducing a printed-circuit-construction technique that may

prove useful in production of filters using coupled-line elements.

bference@ for Sec. V are groupd atth ead of the sectie.
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This experimental filter is based on one of the design:s presented

previously, along with its calculated frequency response., The design

parameters, center frequency, and physical dimensions closely parallel

those of an interdigital filter previously constructed without capacitive

loading. 2 The design is derived from a low-pass prototype with eight

reactive elements and Chebyshev response with 0.l-db ripples. The

filter dimensions were calculated as outlined in Secs. VI-C and VI-)

of Ref. 1. The coupled-line elements were chosen k/8 long at the

resonance frequency a0, so the electrical length at W1 0 is 00 = 7/4.

The lower-band-edge frequency w was chosen as 0.65 w0 , which would

give 2.08-to-1 bandwidth if the frequency response had arithmetic

symmetry about &0. Equal terminating admittances YA - YB = 0.02 mho

were used. The admittance-scale parameter d was chosen as 0.65, based

on the calculated frequency responses -presented in Ref. 1. The

admittance-scale parameters hA and h. were set equal to 0.25 to give

convenient widths for the coupled-line elements.*

The above parameters, used with the design equations of Table VT )-I

of Ref. 1, give the capacitances tabulated in the second, fifth, and

seventh columns of Table V-1 of the present report. The C 1,2, C 2,3 ...

(C,,8 are the mutual capacitances per unit length between adjacent

coupled-line elements, and C 1, C2 ... , Ca are the self capacitances

per unit length from the coupled-line elements to ground. The normaliz-

ing factor c is the absolute permittivity of the medium surrounding

the coupled-line elements, which is air for this filter. The C,, C, .

C; are the loading capacitances shown in Fig. V-I.

From the capacitances in Table V-1, it is possible to find the
widths and spacings of the coupled-line elements once the ground-plzne

spacing and coupled-line thickness have been chosen. A ground-plane

spacing of b - 0.625 inch was- chosen, consistent with the dimensions

of the type-N connectors. Rather thin coupled-line elements were used,

The parameters in Table VI E-3 of Ref. 1, for which hA 
= 

hi8 = 0.18, gave a negative width for'the

second element and next-to-last coupled-line element. Changing h-pardmeters raised the admittasnce

level of the filter so that it could be physically realized. The impedance discussed under

Eq. (VI D-I) of Ilef. I wea found to be S oboe, which is somewhat lower then the 70-ohm valve
thought to be optimum to minimise dissipatios loss. As will he shown, however, the artual filter

had reasonably low dinoipation lose.
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Table V- 1

DIMENSIONS AND IJESIGN PAlAMI'Eis OF EXPERIMENTAL

CAPA(:ITIVELY LOADEV INTI"IBDfGITAL FILTEI

k Sk- .. 11 kk W C,,S(inches) I e (inches' (pf) (inches)

1 and 7 1.664 0.055* 1 and 8 1.664 0 .09 5 t 0.90 0.376 §

2 and 6 1.249 0.086 2 and 7 0.996 0.105t 0.83 0.3166
3 and 5 1.348 0.077 3 and 6 1.988 0.224 1.23 0.252

4 1.333 0.078 4 and 5 1.984 0.226 1.26 0.254

where

00 - ir/4 = Electrical length of coupled-line elements at resonance

ri /4)o = 0.65 = Ratio of lower band edge to resonance frequencies

h A - h9 = 0.25, d = 0.65 = Admittance scale factors

Y, . a= . 0.02 mho Terminating admittances

L = 0.940 inch = Length of coupled-line elements
f0 

f 
1.57 Gc = Design value of resonance frequency

b = 0.625 inch 
= 
Ground plane spacing over coupled-line elements

b' = 0,084 inch = Ground plane spacing over capacitive-loading tabs

t = 0.024 inch = Thicknesa of coupled-line elements

s ,Spacing between kth and (k + l)th coupled-line elements

ts = Width of kth coupled-line element

V. Length of capacitive-loading tab on the kth coupled-line element

Changed to 0.040 inch during tane-up procedure.

f Width correction
3 

for narrow strips used.

§Shortened 0.10 inch during tune-up procedure.

Shortened 0.05 inch during tune-up procedure.

since one objective was to demonstrate a printed-circuit-construction

technique for filters such as interdigital and comb-line filters. In

this construction technique, each coupled-line element consists of two

thin copper strips of equal width, one on each side of a sheet of dielectric. The

dielectric sheet provides mechanical support for the thin copper strips.

In the gap between adjacent coupled-line elements, the dielectric sheet

is removed by machining or punching so that all modes within the filter

propagate at free-space velocity. Certain of the design curves, 
3 however,

are available only for coupled-line elements that are of solid metal.

In order to be able to use the available design curves without introducing

significant errors, the thickness of the coupled-line elements was chosen

small compared to both widths and spacings of the coupled-line elements.

An available sheet of copper-clad dielectric of total thickness t -

0.024 inch was used in this particular filter. Having fixed the ground-

plane spacing and the coupled-line thickness, the coupled-line widths

57



I
and spacings were found as outlined in Sec. VI-C of Ref. 1. These

dimensions are shown in the third and sixth columns of Table V-1.

The type of loading capacitances used with this filter is

illustrated in Fig. V-2. One end of each coupled-line element projects

into a region where the ground-"plane spacing is reduced from a value

Ce COPPER CLADING

T C -,- IELECTRIC

RUDPLANE

RA-4344-1

FIG. V-2 TYPE OF LOADING CAPACITANCE USED AT THE END
OF EACH COUPLED-LINE ELEMENT

b to a value b', where b' << b. This forms a parallel-plate capacitance,
CID, between each side of the coupled-line element and the ground planes.

There also exist, however, significant fringing capacitances, whose

values must be estimated. The side fringing capacitances, C, and the

end fringing capacitances, C., can be estimated with fair accuracy

using the fringing per unit length from the corners of an isolated
solid conductor of thickness t between ground planes spaced b' apart.

3
,
4

For the fringing capacitance C external to the capacitive gap, accurate
data do not exist. The approach used to estimate C. was to start with
the data of Whinnery and Jamieson5 for the capacitance per unit width

at a change from height V/(b - t) to height '/(b' - t) in parallel-plate

transmission line. An estimate for C. was obtained by multiplying.
this capacitanLe per unit width by an effective width that was 20 to
45 percent greater than the actual width of each coupled-line element.
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Using the approximations described in the preceding paragraph,

it was found that the lengths of the capacitive-loading tabs should be

as given in the last column of Table V-I. For these particular dimen-

sions, it is estimated that the parallel-plate capacitance C in
P

Fig. V-2 accounts for 60 to 70 percent of each loading capacitance,

the side fringing C, accounts for 13 to 27 percent of the total, the

end fringing C, accounts for about 6 percent of th.e total, and the

external fringing C. accounts for only about 10 percejit of the total.

Thus, a rather rough estimate of the external fringing should be
sufficient. Because of the approximations involved in designing the

loading capacitances, tuning screws were incorporated into the filter.

Previous experience had indicated that the tuning would be most critical

for the resonators nearest to the filter ends. Thus, tuning screws

were piovided only for the first and second, and the next-to-last and

the last resonators. The tuning screws pass through the ground planes

into the capacitive gaps at the points marked a and b in Fig. V-2.*

The completed filter is shown partially disassembled in Fig. V-3.

Arrows indicate the four tuning screws that pass through the top ground

plane, and there are four more tuning screws through the bottom ground

plane in order to maintain electrical symmetry about a hypothetical

plane halfway between the two ground planes. Figure V-3 also shows

the coupled-line elements that are copper clad on a sheet of dielectric,

which is supported between the ground planes by aluminum blocks. The

surfaces of these aluminum blocks are shaped so as to make contact with

every other coupled-line element, and to form the loading capacitance

for the alternate coupled-line elements. The coupled lines were formed

for this particular filter by machining away portions of the copper

cladding with an end-mill tool, and by machining away the supporting

dielectric between the coupled-line elements. In a production process,

the coupled-line elements could be photo etched, and the dielectric

between coupled-line elements removed by punching. The terminating

coaxial lines are at right angles to tile coupled-line elements so that

the spacings st,2 and s 7,8 between end pairs of coupled-line elements

*
In early tens, on the filter, the tuning screws were mounted just outside the capacitive gap at the
points marked c and d in Fig. V-2. For this location of the tuning screws, there was some question
:to: the influesce of th eseries inductance of the long tuning screws when they approached very
close to the reaonatora. It ea fowad that either location for the tning screws gave acceptable
results. . production models, the tooing screws coold probably be omitted once the proper dimensions
were found.
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FIG. V-3 PHOTOGRAPH OF THE CAPACITIVELY LOADED INTERDIGITAL FILTER

coutl be madie readilJy adjustable. Previ ous experience had inudicated

the desirabi lity of providing adjustment on these spacings.

HI. EXPEITMENTAI. IESULTS

Trwo types of data were taken on the filter shown ini Fig. V-3, one

being insertion loss ai a function of frequency, and the other tieing

reflection coefficient or input VSWI1 ais a function of frequency. Initial

measurements for the filter as designed showed that the lowest-frequency

ripple in the pass band had an input VSWI of 2.9, which was excessively

high, and the remaining three ripples had an input VSWI1 of about 1.75.

Inserting the tuning screws and varying the spacing-- luetwen end pai rs

of rebonators indicated that the loading capsaci tances hadu more capacut tv

60



than desired. The capacitive tabs on the end coupled-line elements were

then shortened as indicated by the footnotes under Table V-1. The

procedure used to find the best spacings sI. 2 and S7,8 between end pairs

of resonators was to observe the reflection coefficient as sampled

using a directional coupler, crystal detector, and oscilloscope while

rapidly sweeping the input frequency by means of a backward-wave

oscillator. The tuning screws were then varied to obtain the lowest

reflection over the pass band, and a record made of tile reflection vs.

-frequency. The spacings between end pairs of r sonators were then

changed, and the tuning procedure repeated. It was fund that s

and s 7,8 = 0.040 inch gave the lowest input VSWlA over the pass band,

although spacings 0.005 inch either side of 0.040 inch gave nearly as

good results.

The measured insertion loss as a function of frequency for the

filter after final tuning is shown by the crosseis and circles in Fig. V-4.

The crosses are points read from continuous curves of insertion loss

obtained with a logarithmic recorder and a mechanically driven signal

generator having leveled output. The circles are directly measured

insertion loss taken at discrete frequencies to check the automatic

equipment. The solid curve in Fig. V-4 is the calculated frequency

response based on the open-wire transmission-line equivalent circuit

for tie capacitively loaded interdigital filter, (see Fig. VT E-3 of

Ilef. 1). This calcu lated curve indicates that the resonance frequency

fo -- o0 /27r, is 5-yercent higher than the arithmetic average of the upper

and lower band-edge frequencies where the VSWR equals the VSWII of the

highest peak in the pass band. Applying this criterion to the measured

pass-band VSWR data gives a resonance frequency f0 = 1.52 Gc, which value

was used in normalizing the experimental points plotted in Fig. V-4. This

fo = 1.52 Gc value is about 3 percent lower than tile design value of

1.57 Gc. It is seen that normalization to f0 = 1.52 Gc gives good agree-

ment between measured and calculated data along thIe lower edge of the filter

response, but the upper edge of the pass band has somewhat narrower

bandwidth. This is consistent with the observation made previously

(based on the calculated frequency responses),' which is that the lower

band edge comes- out nearly as specified in the design, an,! the shrinkage

in bandwidth occurs at the upper edge, of tihe pass band.*

In the derivation of the design equations in ltef. I, the attenuation wan specified tn be a given value
at the resonance frequency, and at the lower hand-edge frequency, with no appcific control available

over the location cf the upper band edge.
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The insert in Fig. V-4 shows that over most of the pass band,

dissipation loss produces an insertion loss of 0.3 db, with the loss

rising to 0.5 db at the higher frequencies. Figure V-5 shows that the

input VSWI1 does not exceed 1.35 over the pass band, which means that

the loss introduced by power being reflected from the filter input does

not exceed 0.1 db. The bandwidth between the frequencies at which the

VSWB = 1.35 is 1.85-to-1, as compared to 1.89-to-1. for the calculated

frequency response, and as compared to 2.08-to-i if the frequency re-

sponse had arithmetic symmetry about f0.

2.0

jfo[ 1.52 Gc

-1.5 -

2 1.85:1

0.6 0.8 1.0 1.2 1.4
-; ° , NORMALIZED FREQUENCY

wo RA-4344-2

FIG. V-5 MEASURED VSWR OF THE FILTER SHOWN IN FIG. V-3

The second pass band of this filter occurs in the frequency hand

4.1 < o/o0 < 4.35 (centered at 6.7 Gc) and the lowest insertion loss

observed.in titis second pass band was 13 db. This is within the
second pass band predicted in Fig. VI E-5 of Ref. 1, but is only about

half as wide as predicted. All frequencies between the first and

second pass bands were checked with automatic recording equipment whose

sensitivity would show any spurious pass bands with less than 45 db

insertion loss. No spurious pass bands were observed between the first

and second pass bands.

In addition to comparing the measured performance of this filter

with its calculated performance, it is of interest to compare this filter

with another octave-landwidth filter that does not have capacitive

loading. The predicted advantages oh' the capacitively loaded inter-

digital filter over the unloaded interdigital filt.er are smaller size
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and greater frequency separation hetween the first and second pass bands,

as was discussed in Sec. VI-A of Ilef. 1. These advantages were experi-

mentally confirmed. Other aspects of the measur-d performance of these

two filter types will now also be discussed briefly. Comparing Figs. V-4

and V-5 of this report with Figs. III E-3 and III E-4 of Ref. 2 shows

that this particular capacitively loaded filter has slightly lower VSWI

over the pass band, but slightly higher average insertion loss over thOe

pass band than does the particular unloaded filter in Bef. 2. The most

significant difference, however, is the somewhat narrower pass band of

the capacitively loaded filter, which is 1.85-to-i as compared to

1.95-to-1 for the unloaded filter. Thus, the advantages of smaller

size and wider stop band obtained by the use of capacitive loading are

paid for by some loss in control of the size of the pass band. With

experience, however, it should be possible to design the capacitively

loaded interdigital filters to have any desired bandwidth.

A practical matter that requires careful attention when the printed-

circuit type coupled-line elements are used is symmetry aboutahypothet-

ical plane halfway between the two ground planes. The effects of

asymmetry of the tuning screws about this plane were observed in both

the reflection coefficient and attenuation curves while tuning up the

filter. When one of the tuning screws approached slightly closer to

a resonator than( did the tuning screw approaching the same resonator

from the other side, a narrow-band, S-shaped perturbation would be

superimposed on the normal reflection vs. frequency curve. When the

insertion loss was measured under these conditions, a narrow-band

region of high dissipation loss was observed over the same frequency

band as the S-shaped perturbation in reflection coefficient.* This

effect was particularly sensitive to asymmetry of the tuning screws

over the first and last resonators.

For example, nee S-shaped perturbation had a peak VSWR 1.6, which tivea an insertion losa due
to reflection of 0.2S db. The mesaured insertion losn at the same frequency was 2 db, which as
da mostly to dissipation loss.
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This narrow-band resonance seen in the reflection coefficient and

in the insertion responses is thought to be due to a mode in which there

is a potential difference between the two printed copper sheets that make

up each coupled-line element. Such a mode would have electric fields

within the dielectric sheet that supports the copper strips, and signifi-

cant dissipation loss would occur in the moderately lossy dielectric,

(tan 8 - 0.001, E, = 2.7).* This explanation is supportedby the follow-

ing experiment. When the two tuning screws over the input resonator

are turned in until both make contact with the. copper strips, they form

a good short circuit, and the input reflection coefficient is near

unity over the 1-2 Gc sweep range for which the reflection was observed.

If either of the tuning screws is then turned out so t-hat it no longer

touches the copper strip, the reflection vs. frequency response has a

deep dip in it at the same frequency where the S-shaped perturbation

was observed while tuning up the filter.

Although this dissipation-producing mode can exist when the printed-

circuit construction is used, it need not cause any difficulty, provided

symmetry is maintained. Electrical symmetry is readily maintained by

watching the reflection vs. frequency on an oscilloscope while tuning

the filter. The two screws associated with a given resonator are tuned

by hand in approximate synchronism, and if an S-shaped perturbation.

appears on the oscilloscope trace, one screw is turned a little more

than the other to eliminate the perturbation. This procedure was followed

in the final tuning of the filter in Fig. V-3, and only slight evidence

of dissipation loss due to the unwanted mode was observed in the insertion

loss vs. frequency response. The one experimental point at w/co0 = 0.84

in Fig. V-4 represents the peak of the narrow-band resonance of the un-

wanted mode. The insertion loss was 0.4 db at this peak, as compared

with 0.3 db at adjacent frequencies.

In summary, the measured performance of this capacitively loaded

interdigital filter is essentially as predicted. The input VSWR did not

exceed 1.35 over the pass band, which is somewhat better than the

For the modes in which the filter is intended to operate, the two copper strips making up each
coupled-lime element are at the same potentis, and thus approximste a solid metl conductor.
and produce no fields within the support dielectric.
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the predicted peak VSW[I of 1.76. The resonance frequency was three

percent lower than the value specified in the design. The bandwidth

was slightly less than predicted, being 1.85-to-I as compared

to the calculated ].89-to-1 at the band edges at which the input

VSWR - 1.35. The second pass band was at a frequency over four times

the resonance frequency, as predicted, and no spuriods pass bands

were detected between the first and second pass bands. The following

factors probably contribute to the differences between the measured

and predicted performance. The coupled-line elements are each of two

thin copper strips, rather than of solid metal, wh-ich reduces the

capacitive coupling between adjacent coupled-line elements. There

may be significant coupling beyond adjacent. coupled-line elements,

which was not taken into account in either the filter design, or in

the calculated frequency response. The calculation of the capacitive

tab dimensions involved estimates of several fringing capacitances,

thus tuning screws were necessary on some of the r-esonators. The

advantages of smaller size and wider stop band gained by the use of

capacitive loading of interdigital filters are obtained at the cost of

slightly less control over the width of the pass band.
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VI CONLMSIONS

A. MULTI PLEXEBS

A technique of designing channel separation units in which each

unit consists of a band-pass and a band-stop filter operating in con-

junction with each other was shown to have interesting possibilities.

If both the band-pass and band-stop filters are designed from maximally

flat, singly terminated prototypes with the same number of resonators

in both filters, a constant-resistance input impedance can be obtained

at all frequencies. Fewer resonators can be used in the band-stop

filter than in the band-pass, filter, if desired, but at the price of

some degradation of performance.

B. MAGNETICALLY TUNABLE BAND-STOP FILTERS

Theory was presented for the design of band-stop filters from

low-pass prototypes, and a technique for enhancing the coupling to

garnet resonators was outlined. The experivrewtal results were in good

agreement with the theory. One difficulty that arose was due to direct

coupling between the YIG spheres in band-stop Filter 2. This problem

might have been avoided by using a low-pass filter structure, which

would have provided more shielding between the resonators.

The techniques described for measuring the linewidth of garnet

spheres should be very useful, in that these techniques require no

special equipment and the tests can be made by use of a simple

attenuation measurement.

C. RESONATORS TUNED BY VARACTOR DIODES

Though resonators tuned by varactor diodes are not very practical

for most electronically tunable filter applications, such resonators

may find practical use in certain types of phase shifters where only a

relatively small amount of tuning range is required. One problem that

arises in resonators tuned by varactor diodes is that the unloaded Q

of!fthe resonator may vary greatly as the diode is tuned. However,

circuit configurations were obtained that can avoid this difficulty.
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D. INTEIII)GITAL FILTEIi WlT1l CAPACITIVELY LOADEI) RESONATORiS

The measured results on the trial interdigital filter with

capacitively loaded resonators were in good agreement with the theory.

The resulting filter was unusually compact, and had a very broad stop

band above the first pass band. The main pass band was centered at

about 1.5 Gc, while the second pass band was centered at 6.7 Gc. In

between, the attenuation was high, with no spurious responses.
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PROGRAM FOR THE NEXT INTERVAL

It is anticipated that the work for the next interval will include

(1) Further work on filters with magnetically tunable garnet
resonators;

(2) Further work on multiplexers;

(3) Work on microwave impedance-matching filter networks for the
broad-banding of devices;

(4) Work on filters, using the circular TE0 1 mode; and

(5) Work on electronically tunable up-converters.
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